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AERONAUTICAL SYMBOLS.

1. FUNDAMENTAL AND DERIVED UNITS.

Metric. English.

Symbol.

Unit Symbol. Unit. Symbol.

Length... l meter ..................... L m. foot (or miIe) ........... ft. (or mi.).
Time ..... t second ..................... see. _ second (or hour) ...... sec. (or hr.).
Force... F weight oI one kilogram ..... kg. i weight of one pound.., lb.

i--

Power. P ¢' _. k..m,sec ............................... _ horsepower .............. IP
Speed .... !.. _ , ' mi/hr ................... M. F. H.

........ mj_e, ..................... m.p. 2. i

Weight, W= n_g.

Standard acceleration of gravity,

g = 9.806m/see.: = 32.172 f t/sec. 2
W

_ass, T_ = --

g
Density (mass per unit volume), p

Standard density of dry air, 0.t247 (kg.-m.-
sec.) at 15.6°C. and 760 mm.=0.00237 (lb.-

ft.-see.)

2. GENERAL SYMBOLS, ETC.

Specific weight of "standard" air, 1.223 kg/m."
= 0.07635 lb/ft. 3

Moment of inertia, ,,_/c2 (indicate axis of the

radius of gyration, I:, by proper subscript).

Area, S; wing area, Sw, etc.

Gap, G

Span, b; cD)rd length, c.

A_pect ratio = b/c

Distance from c. g. to elevator hinge, f.

Coefficient of viscosity, _.

3. AERODYNAMICAL SYMBOLS.

True airspeed, V
1

Dynamic (or impact) pressure, g =_ p V =

L

Lift, L; absolute coefficient 6_.=_

D

Drag, D; absolute coefficient 6_=_S "

Cross-wind force, C; absolute coefficient
C

Resultant force, R

(Note that these coefficients are twice as

large as the old coefficients L_, Do.)

Angle of setting of wings (relative to thrust

line), Q

Angle of stabilizer setting with reference to
thrust line i,

Dihedral angle, _/

Reynolds Number = p_-z-l,where l is a linear di-
p

mension.

e. g., for a model airfoil 3 m. chord, 100 mi/hr.,

normal pressure, 0°C: 255,000 and at 15.6°C,

230,000;
or for a model of 10 cm. chord, _40 m/see.,

corresponding numbers are 299,000 and

270,000.
Center of pressure coefficien{ (ratio of distance

of C. P. from leading edge to chord length),

c..
Angle of stabilizer setting with reference to

lower wing. (it--i,_) =_

Angle of attack, a

Angle of downwash, e
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REPORT No. 189.

RELATION OF FUEL-AIR RATIO TO ENGINE PERFORMANCE.

By ST._nWo(m W. Sv.,,m_ow.

SUMMARY.

The purpose ()f this investig:ttion wns t() ase(,rt_in from engine ((,sis (he answers t() the

folh)wiu_ (luest ion.,<:
(1) Wh.l gaS(lithe-air ntti() gives m_lximum pow(,r .*

(:2) Is the w_im, t)f this ratio npprevi:_l)ly affeHed by sue]). ('hangt.s in :,it ]n'ossure t)r tmn-

perat, ure :_s nre en.()tmt(,re(I in flight ._

(3) What p(,r.(,n(nge of its maximum p()wer (l()(,s nn engim, (h,vel()p when supplie.I with a

mixture giving minimulu sl)eeiilc fuel ...nsumption !

This report w_:s prepared f()r pul)li.alion t)y the N:/tionnl A(lvis()vv ('().umitl('e f()r Am'o-

nauth's and the tests ul)m_ which it is ha_(,d were ira.it at the l>)urv,m .f Slan_inr(ls b(,twet.n

()(_tober, 1919, and M,'ty, 1923. I;'r()m these it is (_on('luded that: (1) wil]_ gas()lin(, _s :: fro'l, maxi-

mum power is (d)t:_ine(I with fuel-ah' mixtm'(,s ot' from 0.07 to 0,()s i).)unds ()1' fu(,l pc,' l)(,und

()[' _lir: (2) maximum ])(),,ver is ot)t_:in(.[ with n[)pr()xim'ttely the snme rati(. ,)v(,r the r.n_(, .f

_dr pressures and temperatures eneount(,r(,(t in flight; (3) mmrly minimu,n sit.till( , f'u(,l .(msunq)-

tion is secured t)y decreasing the fuel content of lh(, eh:trge until the p,)wer is !)7) per cent of il_
Ill;l xi]ll[lIll vlthle.

Presumai)iy this information is of most: dire('l xmlue to the tmrbureler engino(,r. .\ v:lr-

l)ureter should supply t,h(, engine with :l suitnbh' Jnixtm'e. This rop(,rt (li..<('uss(,s what mixtur(,s

have t)een found suitn|)h, f()r "<_u'i.us engines. It also furnishes the (,ngin(, [h,sign(,r with _

l)::sis for estimnting how mu('h greater piston (lispl,|eement un engine ()per,_ting wilh :i mnxi-

mum (,c(momy mixture _h()u](I h,ve th.n one Ol)(,l',,.ting with n mtxi,num i)mv(,r mixlm'o in
order fro' tn)ttl to he ('apart)h, of the sam(, power (Iev(,hg)men(_.

INTRODUCTION.

Of the published inform_ttion (m the rehltion ()f t'u(,l-2dr ratio t() engin(, porf,)rman(.(,, little

}ms been (lerive(l directly from l(,sls of :ivialion (,ngin(,s. Nor have many tests h(,(,n made at

|ow _it' pressures _tn([ tempertttures, conditions of )m,j()r imp()rtanee from _m avialitm 31 all(lpoillt.
Mu('h ()f the information that does reh_te dir(,('tly It)nvi.li()n pr()l)lems is e(mt ,in(,(I in T('('lmi('al

lleports N()s. IS, 49, and 108 of the N_tional Advis()ry (h)mmillt,e for Aeronnuli(,s. "l'h(, till(,.-<

_n(l nuthors ()f these reports are given in the bibliogr.,ph 5.

M(msurem(,nts ()[' engine performance with w_ri()us fuel-air rati()s ]u)ve been oI)l, in(,,) it) (he

eom's(, ()f ((,sts ()f)tviation engines in the _dtitud(, l_)),)r,t()rv ()f (h(, Bure:u_ of St:_n(l:)r(Is. In

most inslanv(,s these tests were not m'_(le primarily t()iuv(,s( iga)(, l]., ('fl'e(_t of elmng(,s in rut,l-

air ratio, and hen(..e the range of mixlut'es studied _v,_s s(mw*i_ut,s r,_ilu,r tmrrow. In gon(,r._[

h()wever, the information covers a wi(le range of fu(,l-a ir rat it>>. air [),'{'ssu _'('s, air teIllpera t ur(,s,

(,ngine speeds, _))i(l engine loads. Moreover, sucl)` data have b('('u ()l)l;,iu(,(] from tests of several

(mgine types. It, is believed that an amdysis ()f the above-n)(,))li())l(,([ (lata will contribute

ma((,ri:_lly to existing knowle(Ige of tile relation h(,( ween fuel-air )'.(i,) an(l engine performn n('e.
The ['()lh)wing report is the result of such an _tn:_lysis.
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IiEI'_.tlIT N.\'I'It)NAI. AI)VI,'.:,()tlY ('(IMMITI'EE .b'()li .kEI_ilNAUTI('_.

FUEL-AIR RATIO AND ENGINE PERF()RMAN(q_.

WDat (/.._'<,l;.,-.Tr m/;. 9ic,._ t...¢im.m p.,J'er:' In _t_l.ju_lin_z (lit; carburt.tt4' tt! i)11tilin

IIIIIX[[IIUIII I)(t_A'tq', lll.t' t'ollowinl_ int,tlt()d was t,mph)y(41. First tlw nlixluro was lllit'rt'd unlil

_li)proxinl:ttt,ly milxiinunl ])oxver (for thc 1.]tosen set tif c(in(liii.ns) was ol)I_lint,(I. ,ks will be
st|own I,(i,r \-_tlut,s of ])(>wor witkin l 1114'cent .f the tn:lxim/ml aro obt_tiut,.t (.vet _l wide rankle

1)[' t'uol-_lir r:lli<)._, lIi4wo liitle diftil,ully was (_XI)tq'i('ll('(4[ ill (,Idainin_ ,:/ IlliXllll'(' to _ivt'

11ppr(,xittlalt,ly maximum powt.r. Th(, nt,xt sit, l) \v_ls 111[incl (h(, lt,_lnt'st mixture with whil'h this

powt,r could b(' (]ex't'hqlt'll. To accomt>lish this th(, ntixluro \\71s ntade st) loan _s to (_:tuse It
niatt,riaI tlocrez_se in p()w0r anti then em'icht'(I just suttieil,ntlv for lnaxiniunl power to lie rl'l_aint'd.

'l'hi_ ni('ih()tl t)f :l(Ijustillcnl is 1}t,11 usu_dl\" t'nll)l()y('_l in (,))_int' l)(,rf()rui=m('t' tests \vh(,n tilt,re

is (iln1' for ol)t'r, iin_ with l)t,( ()he fu1,1-_:ir r<)(i() ;11 (4_('h ..()n(liii()n ()f (,n_in(, slier,(|, hla(I, 14c.
The t_iI)l(, ()f fur,|-:!Jr rati(),_ imnlcllilltt'ly f()lh>wi)G_ is I),1._1,d v(,i'v hlrlz('ly up()n (hli_i ()Dt_linl,d in

this fltshit)n.

\'_'Jl.cll Iillle ptu'lnits, il is tlI'l'ftqTt])lo to follow t]w " mixlurt, l'_llio run" lni,l]i1)(I ratlwr t}mn

to (h'p('li(l up()i_ i_ sinl_Ic ndjustlntqlt for nlaxillllllil p()\vor. ]{llns <)f tiffs type _il'(, Jm1(l(' ill 1111_

f()lh)wi)a_ in,nn(,r. A ._t,t'i(,s (>f runs is ni,(h' wiIh till (.ontr()lled (.1))i(lili()ns llli:intlii)wd the s:Inle

ex('(,])I lho fuel-air rat|() _i)i11 Ill(, (,n_inc torqu(,. ,_u<.Jl _i Sl,ril,s _h()ws the p(lwer ,n(I ._p(,(.ilic

fu(,l t.1)nsunlptil)n for various fu(,l-_lir l'<ttios. ()r(lin=trily suIli(,it,m inl,;isttrenwtlts (if fricti()n

h()l'.,_(_i)t)'Wt,l' III'C' ()l)III]II('(l It) pl,rmit the in(lic_m,(I h()rst31()w(w (br_)kt, horst,l)(,wt,r -' f'ri('lit)n

.lI()l',,4(,l)()_,V('I' } ('orl'(,sponttill_ It) _IIIV ill'like ]l()l's(.!p()_,vtq ' lIll_tlSlll'elll('lltS 111 11(' c_l]('lli:lte([.

E nt4in(' data.

TA P.IA,] I.

evlillder_ hi,re t72 ill, ,_troke 5.12 ill ..............

ovlilldel'-_ bl)rv ,).51 ill., :qi'oke ,5.91 ill ................ {

12 eylinder.._ i)()rt, 5till ill., stroke 7.0(I ill ................ {

6 eylimlers bore 6.511 ill,, stroke 7.09 in ................ {

6 eyliil(lers bort> ,',.t_) hi., stroke 7.11!) hi .................. {

12 cylind(,rs bore li.f_7 ill., :qrok(, 7.;, in ............... I

6 cylinders-- l)ort, (;.6:2 in., stroke 7.,5 ill ................... ,{

I
S cylinder<-; I)or_._ 5.51 in,, stroke :).91 in .................. ]

IC 1'. M.

1

l, _)(_

1, !;i10

I i ",011

I. (_)f)

1, To()

I, (RIll

1,21)0

1.40(i

1, (;ill)

t, ()()11

1,200

l, lIX)

1,600

1. 'q)O

21 i)o0

1, ooo

1121_ <)
K leo

I i +$()o

1, If)()

11 (_tltl

l, _(IO

7, Illl(i

M ix{ lily rat i(i _t ill_ llltixilillllll

pow('r,

l_olllld l_asolint_ |)Olllld air
Ii0r l!otlIld

i |let i (illll(| ll_ilF, l_a_olilltL

0. i177: (()II. i17 : l:'I:l 1(J II:l

.071:11_) .I)liT:l 13.5:11,)i,-):1

t
I

/.
=

.(i'_:f:l 111 ,i)71:1

,(i'<l:l Io .llTl:l

.t}77:1 tl) .I171:1

(l_,:¢:I tO .0¢;7:1

071:1 to .059:1

.07",:I I<) .070:1

12:1 to II:I

12:1 to I-I:i

13:1 |o II:1

12:1 II) 15:I

1 li:l to 17:1

i

13:ltol4:1 i

i

I It 50elI1S iliiprot)zll)lt' that lllaXhnlllll ;iowl!r Sholll(I ]10.Vl' |)('ell ol)lai)led wilh a lllixI liFe i)f 0j)5, () IH)llIII]

flit,1 l)er l,(_/lll(1 air llOl |)(,(.,till';e _|lis vp.[ll(, i> 50 iIllleh l('_l, lit'r l|ltlli ally of lhc l)I|l(,I-_ -4|lily, ii ]a_r( _ ])111 I)_'('_lll_,l _
il i,. (.f)HSi(ICI'aI_Iv I(,_lll_,r I.|/_til lhe t.h(,lili(_l| COlll|liliilig I,rOl_l)rtiollS (Jr 1|it, f!iel l'|i(, \';|hie i_ inc.]lid(,d

I)e(,all4e ll(I li_iil i(_llllll" IAleoIl,_i_l I!llt'_¢ W_I_ lit|led ill 1 |it.' rt,a(]illg', aii(l hl,(.all,._, ,.oiti_, i)l|l(>l ¸ t,l_fLilie_- ha\ illg _ ('ry

|_.lg(i , eylilldt, t'_ |laVe .,howll telldeil(!ie>i to (|eve|op lll_/Xillallii l_owt,r wi1|i (,xl l'l'Iil('[y h,;lli inixl_lreb4.

The inf()rnllltion _ivon in Tllt)le I is in part c(inlp()setl ()f r(,su]ts otitltin(,(1 fr()m inixture
rlithl l'UIl_. TII(_ results ()t)Iililt('(] t)v l)()th snl'th(id,_ lIFO ill ('it)S(! ll_l't'('lll(,tl{, lint] it is pr()])at)lo

thllt difl'('rolwe_ t'V('li t)(qWl'('n ('nTino_ (if Ill(, Sill|it' lyl)i' ()v('rsha(lii\v ('l'l'or_ Iik('lv it> result fi'(iln
tile I1%(' (if the first Iil('th()(l tie,el'tiled. FI'I)III l't':qllt_ It) date it is ('(lilt'hi(lot[ that t)rtlinitrilv

lililXilillllll pt)WOl', ill l(ul<i ill st) filr ItS aviati()n (,n;in(,s are c()n('('i'ii('(I, is ()ilia|n(,(| with 71l,q)lino-

air l'liiios ()]' l)etwet,n (i.07 1111(] O.O,E pi)linil_ of fuel ])('r 1)()III11i ()f Ill|' 1712.5 t() 14.5 l)()un(l,q ()f Itil"

per pound ()f fu('l).



IH:.I_",TI(IN ()V I;UI<I.-AII{ ILVI'I(_ TO ENI;INE F'EIIle()I_MANCI,L 5

1,_. c..,_'/../ r.t;. _!f.f/.1 1. .;r d,,,';r.hh .rrr d,c r.i..le qf _l;r pr_,_._'I.'_,_e_/('.lnmr_d ;l_.fl;[I//l ?

The answer 1o lhis que,qi-n is " Y_'-_," ,iu_lged hv re._ults of mixt m'e rnti. z'un_ with s(,v¢,rnl (,nFim,s
.vm" _l wide ran_ze c.t' c_mditim> ,.f en,_fim' [qwrati(m. Thi_ stnlenl('nl is 1)eliev(,d t._ t., true

wlwth(,r the .h'4re_l mmditi(m i,4 mqximum p(nw'r m' minimlun SlWCitlr fuel (.on_uml)ti¢m.'

Thm'e nrc, l(,-_s dnta in thi,_ r('l)c.rt a,4 t. the latler ,.omlition t)e('nu-_e in m'_.v _)1' the leq-_ th(,
(,art)uretm' ,li.I n_.t f.rnish n mixture lean (,mm_h lo p(,rmil minimum sl)_'.'ifi<' fm,l consumpticm

t. b(' ot)tain(,(l.

Figure | shows _ l.vl)i,'_l _Zr,mp of lllixllll'e l'nti_) c"lll'VO_ _lt ,mtrnn,'e nit i,re,_,qlre-_ ,',)rl'e-q) m_l-

ing t- _fltitml('-_ r_n_inff fnm_ s¢'a level Io 311,111111feel. in lhi_ grim 1) _d' cm'vt,-_ the rmb.,(, _.f
mixlut'e,_ was limile_l l)v tin, (.nrbureler ralher titan by lhe inability (d' tile engine 1(_ o[)ernlv

nt mixtures richer _r h,m.,r than those _h.wn. l*'r_m_ lhi_ figure it "q)p_,ar_. that 'q)proximalely

thes_ne fuel-air rati().L,i'ce-,Jm_ximum l).wer z over the rnn_zeof pre_s_,re-_ inveqigate_l. Ina,_-

mm.h ._ within (me ln'r cent of mnximuln [),cwer unl_ l,e _4)l_tined ovm' a wide r:m/e of fuel-air
ratios, the s(,h,¢'ii(m (d' the rot×lure rnlio _ivin,_.. mnximum prover t'n)_n ¢'ut've-_ su¢'h a_ 1h¢_¢,

giv('n in Figure 1 is >_mw'what uncertnin. ()hvi(msly, if the p(nw,r
remnins ._pproximntely llw s_lne .ww a given range _f fuel-air r'di_)_ I J I ]

Test 163 !

then the Sln'eifi( ' fuel ('(,|_Uml)ti_m will vnrv nhno_t (lire('tly as lhe ----/600R.P.M T....
fro,l-nit rntio, ll('nre, t}w stn'_'ifi,' fm'l c(m_un_l)lion at maximum ._ fu//th,-'ott/eL_

Comp rof/6 5.3

p,,,Ve[' HIiX'IIH,'(, ,'It'_ i()% i'.4 V('['V _('|1'4][ iV(; 1(, f']|_|]l_("4 i|l llliX t ,|re r_t, i,). _" ],5"0 _":_ '_ IA satisfa('t_>ry mvth(>d l',,rdel,'r_niningwhe{h('ror n,,t the same fuel- _/4o --_- ].

air rati. is d(,4rabh' _)x'(,,' _ given range ,.f c.n,lili_,n, w_mld appear <_/3o --_---JV4u
t,:) be the' f_d]mvin_. From _ _r,up _t" cm'w,_ such a'_ :4u)wn in _- ,,_ _.I06"__ J_

• " _ -_r_Figure 1 s¢,h,vl tin' hid-air i'_til(_ lhnt a[)l)ears t,)_lV(' maximum power, m _ Tu-
Nexl rn_le lh(' variati,m in stwri!i(' fuel ('(m.qH!_l)li(m (from curves _11o _.-i I._-_

similarIo Viffm'eI but with spe('iliefuelc(m-,umpti.n I)l_)|tedversu._ ._ | _[_
f_tel-air'_I,_)with thi._fuel-airrntio oww the rnnVe _fl"v.ndili_ns ._ _ l-c_-

_ "_I "_ I_ l_
investi_nled, u :045 "_ _,

• ...._:if over this range the same fuel-air ratio g_ves essenlially the _--.
same specific' fuel cm_sumption it would seem juslifint)le to con(.lude _ . . -
that the sanw fuel-air ratio is (h,sirable. Figures 2, :L 4, 5, _;, ,m_l 7 _ 80 --_.- _ }- --
show resulls .blained in this fashion. These show the efl'e('t _,f "050

ehang(,s in enlr_m('e air pressure for _d)_mt a0 conditions of engine e4o
speed, h..I, (.repression rati., et('. In a very few institutes then,
._ppears t() he a (.(resistent increase or (hwr(,ase in speeifi(' fuel con- 05 .o7 09 /.I
sumplion with (']range in entrance air d(msity (at a constant air t-,_./ cb rue/per /b ok-

temt)eratur(,). N(,arlv all, however, show n() al)l)reciable increase or "r,,:_,m s-('ylinderengin., h.r.. 472
• in(hi,s, stroke 5.1 `) in(,hvs.

decre_se, l:rom the information just presented it wouhl appear that
a c.nst_nt ratio of fuel to air is (lesirabh_ .v_,r the range of entrance air pn.s_ures studied.

Is, . con,_ta_d r;tIio of ./)zel to _*ir (le,s'ir.bh. over the range of euh'._ce air te_nper.t.m,_

e.c,,..hr,,d ;..flight? &gain the answer is " Yes," so hmg as the fuel is avi_tion g._solin(, and

the lemp(,rature r.mge no greater than that slmli(,d in these experiments. Figure g shows a

typical gn,up ()f (turves obtained from tests al several air temperatures. Ninety-five l)er cent
of maximum p,,w(,,' is seen to have been dev(4,)f)ml with nearly the sam(, fuel-air ratio ov(,r

lhe rnn_e ,,f _ir temperalures investigated. The signiticnnee of this _ppcars when it is shown

lnter t trot ordin,trily minimum specific fuel consumption r('sults from impoverishing the mixtm'e

sufficiently t. _musv _t 5 per cent de(:rease in power. An annlysis of a large numh(,r of tests

1 Specific fuel C()/Iq[IHI_)_ iIJll iS I_ !)I'CSS()¢_ Jig ]:,(11111(14 Of tirol per indicated horsepower heal _z a_ I cull,Is of fuel per brake ]l(_Tq. t {_., pr ]lo[lr•

= At eonst'mL engine q)ved, ho!'sv ower _ Kr nwan effe('Uve pressur(L The value of K/.a,i h_, cah.ulated when the engilw sl:_._,(I and piston

disldacenemt are known.
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Test 188

Air fen_oeroture = +10°C Compression ro#o = 53

i - , , T : i I _' i r I I [

• j C+Lood_ _ ILbo,,-p+,-,'_A,e]=]ZS;_-4
t:=t i _.,_illl ,..J,+ I I I

0 _ t _ 1800 R•I_+._ [ Lb fuel #er Zb o,_ : .07.9 !
• --_ { tj_Load _ _,Lba,t-per/bfuel=l_6 F 4

E L I -t ._ , L ] ]-; i I _ : t- t J -t
.3 -i r ! ! I ! I

4:.8 _14ooRP_ Lb f_elp_lb o.-= 0+o- H
Q _+ +_Lood _ _Lbo,rper/b fuel =1_5_---+ -_,

I !FT: ,:fief 11-i
O. --_4t800 f_PM t !Lb rue/per Ib el# = 070

5_'_Lood + Lbo#-per,_ fuel =/430-.PL 4--

+ + I , ' i,+b __.,_+-I + + + I I + + + + _ - • + &+ • +

+ +_ !i +_i I I _+, C+ I-i ++:
-_.6_... !1te0o R_ + [Lb fuelpeJ- /b o,;- =' .07_ :

_Load + ILbe,rpertb fuel =1206_ -_ _

I ' - I" L ++ ;I!o, + o I,+

_bJ_---Fu// lood _ { Lb o_r per /b fuel =136 -

"_1 I I i i'i I i I i t [ i _ = _ _ ! I°l °
.08 .07 .06 05 .04 +03 02

Ft P.a Air density in Ib per cu. fit
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Air te_eroture : +IO°C Compression rohc = Z3

_ _ 1400 I_. i Lb rue/per lb a,_- = 078 -
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Engine used in test, 8 cylim 'r, _ )re 4 72 indies, stroke ,",.12 inches.



HEI.VI'I()N ¢)F FUEI.-AIII 11.%'1"10 TO ENGINE PEI{Ie(HI3IANCI,].

covering a temperature range (if from -20 ° t(i +40 ° C. shows maximum power to be obtained
with approximately the s_me fuel-air ratio at ea('h temperature. Similar results have been

found in tests of |n(d(w-('ar engines using much less volatile fuels? The volatility of the fuel is
in reality the determining l'aetor in this quest|tin. A constant

fuel-air ratio is desiralJe only so hmg "ts a ('hange of air tempera- ._, ] 7-es_/74 ]
ture (h)es not oh'rage app|'eeia}>lv the relative qtmlitv of the mix- _" -/600R.P.M Fu///ood

• " Comp. rohb 5 3
ture supplied t,() the va|'i()us cylinders or the amount of fuel that _/4o I I I
has I)e(,n vltpm'ized _l tile time the eompw,ssi(m stroke is completed. _" ,gz 99z may powerL I I

When this is m,t the (',se the mixtm'e r_|tio should be changed _/2o_:_.._W|len the temperature changes in order to compensate as far as
possible for the change in vap(wiz,tion or distribution that has _//0 _ -_
taken pla('e. _/_p _ -lO°C _:!!

In s. far as aviation work is conee|'ned the conclusions cover _//o _ _-
a st)rot;what wider range ()f teml)eratures than the actual wdues o _"

wouht indicate. At an altitude ()f 25,000 feet the average air tern- _110 3°°C_
l)twatur(, is ").x'° ('., somewhat h_wer than the temperature usually_
reached in these exp(,rimen|s, lh)wevcr, tt'sts were made at - 20 ° _/zo !

40oc
(:. at an Mtitmh, of 5,000 feet, and a fuel vlrporizing under these "_//0
('traditions wouhl V,l)orize _ls (_ompletely at a considerably lower "_ [ ]

temperature al the h)we|' prt,ssures prevailing at 25,000 feet. The _ .05 .07 .09 I.l
_Ft'9.8 Lb Fee�per Ib o/r

exphmalion for this lies in the fact ttm t for a given ratio of fuel

w(p()v and air the ratio h(qwet,n the pressure of the vapor in the Test[) H-cy d,rengine, borc4.72inches,
slroke 5,12 inches.

('harge after r,omplete wq)orizalion and the pressure ()1" the air

remains constant regardless ()f what the pressure of the air actually is. At 25,000 feet alti-

20O

.160

120

_ 40 _

_r

t l
J

i

8o20 40 60 I00
Percent d/_hlled

Barometr/c pressure, cm of H 9. %

._oo 80 Go 40 eo o _^°
., CUl I _-----FSeo le've/ I ] I _U_

l 20000" "

"5 I" o..... :._: /ell I \T'_'N

._ _401 1 1 I I t t I I I 1-40 k
_. /00 ,80 60 40 20 0 _.
_Ft'9.,9 rotoI pressure, cm of/-/g.

b'tle] eh_ra('lerislies of domestic aviation gasoline (from Wilson and

Barnard).

tu(le the pressure <)f the air is mu('h lower than

at 5,000 feet. Hence the v_t>()r pressure will
he lower and complete vaporization can take

place at correspondingly lower temperatures.

This will he evident from Figure 9. The lower

full-line curves show initial ctmth, nsati(>n tempera-

tures for two fuel-air ratios plottetl against total

pressure. The dash line shows average air tem-

peratures at various barometric pressures (alti-
tudes). For a fuel-air ratio of 0.083 the con-

densation temperature at a total pressure cor-

responding to an altitude of 5,000 feet. is -3 ° C.,

while for a pressure eorresp(inding t() an altitude
()f 25,0()0 feet it is- 17 ° C. hmsmuch as the

difference between these tempt, r_dures is 14 ° C.

it: seems entirely justifiable to con(,lude that

vaporization at -28 ° C. at 25,000 feet altitude
w()uhl be no less complete than at -20 ° C. at
5,000 feet. Hen('e it is believed that the results

here l)resented cover average conditions between
sea h, vel and 25,000 feet.

In connection with the above discussion it

is of interest to consider whether vaporization

tends to become more or less comtilete as the altitude is increased. A decrease in air pressure

and a decrease in air temperature are the two ma,ior (.m_._equenees of an increase in altitude.

a hHak(' M in|fold Tern: eratllres and Fuel .ECOn( m 2 _by H. C. D ¢klns( n W. S. J: Im s, _lid F, _,_,"S] arrow. Journal (if S(('iety of Automotive

l']ngine(,rs, Angud, 1920,
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The fornwr tends to muke wq)orization moro r.mplete, th(, hitler t() m'_ke it l(,,_s ('ompleto.

Their ('o.nbinett (qt'ert ra. t,e inferred from Fi_tlre 9. ]nitinl .t,n<h,ns_Lti(m t(,nlperMures have

1K'OII |Ill(Oil ['l',)lll XX"i[_()ll lllll] [{t/l'lttll't[. t At _1 [)l't,_l.ll'(, ('(,rresponding It, an altihMe of 25.000

ft,_,tinitiulcolldonsati(m I(,inl)oratur(,s nl'(,a])t)ut 2(),_(+. Iowor lhan al sea-levelpressure. Tho.

actuuI tlt,('re_ts,,, in trml)t'rature for this same chan_t, in ultituth, is; given by the dash line as

..](_o (',., llltlrp than twi(.e _ts ffl'eat, lien('(' Illl([er ll(q'nlal ('tmditit)ns vaporization tends to })OClmle

It,s>+<'(mq)h'te :is the +lltittido is itwrt,ns(,tl. +\s has t)t,t,n stu,wn, with fut,ls and t,ngines no w<)rs0

than prestmt-duy typos, finis lt,nthm<'v dot,s n()t manifesi it_,elf to an extent dtmut.di._ ally

material eurichi._ of the mi×ture t_ver th0 ru._e t>l' all itu(|(,s investigated.

()tit' ll)ll_i ll<)I ]_)_,(' si/ht of tilt, qlistincthm t)etvce(,n t',m,;t+mt fuel-air ratio and a ¢' mst_mt

curlmrt't('r a_ljuMn)ont. "l'_)(_t)l_lin tht' f,,rmtw tit(, ('nrhurt,tor a<t,iustment must be .,,mipuhtte_l

very frequently in pr(,s(.nt-_iav ('arJmrclrrs. Tht' first Im.hh't. that r(mfront:.; the ('arbur(,ter

en_itwer is t., I)r,,xi(h ' . r.vtmv:,ter ('apahh, of I.,in_ +t<l,iust(',l undt,r any e<mditi()n of o])er_lli(m

It> givo the desired tttixtttt'(+. Jl:tvin_ +w('(mtplislu,tl tlff:-+ hi, ran tlu,n I)01111his en(,r_ies t(r, vard

:t redttcthm in tlv,, tl-uu11)1,r of such a<ljtistntl, nts that lit.list I)(' Ill-tit](+ ill order t<) nulilItP, in the
dt'sire_l fuel-air rat it).

W/+.t/..re+./++:/,'t/:t._.,a.,;_J+,+.+].,.'+rt/+,+.,_++n+.:/;.+++l+r+l,,l,.'/++"n;t.+.+pec,ilqcf,td e,).,+uP.l)-

t:.. i.',++r m/:+/m,+m? Tht, t'}I(UOi('II] ('!)lllhiNi.tt_ rlI, til)()]" +t hvdrot!arl)oll fuel tutti flil+ is llll<](+'l'st()()(]

t_ 1)(' n t'+l-ti_)such that the pr(.Itv'ts of ,'<,mph'tc, c,)ntl)usti(ln +l-t'(,(',u'l)(m ,li,,xi,h, and water with
n,+ /'m'h,m m.n_>xi(It, .r oxygen. As is well km,wn, llltlXiIl+l.lllt ('II_iIIO power is o]Hainod _VllOn

tilt' l'uel-ah' t'ati_ is in ('xr(':_ _)I', nn(l minimm. _l)eoilic !'uel ('_msutnpti<m when 111e fuol-nir ratio

is Ioss t]lltIl, that Ki'+'hl_ If.' pr, q)t)rti<ms for ('Ire l+i('M o(mtl:.illtlti<_n. This ('llll ])t' altril)ttt1't]

in [)art at least t() iml:(U'i'e<+t tuixhl_. .\n t,xt't,ss of ftwl is nect,.;snt'y It) tlm ('tmtph, te utilizati_m
of tilt, flit', while till ('x1'o>;s (I[' air llermits <'.nU)I('t(' utilizati.n .f the fuel. "I'_) (,l)i_tin mnximtmi

power th(, air :h.uhl he utilize(I r,,ml)h,tel:,+. +l't) t,btMn lltill-ill)lllll Slle('ifir fuel ('(,nsutttptitm
the I'tt1+l sh<)tthl I)i, utilizt.l ('(m_ph+tely.

'l'iz_tr_l nn<l l)ve + have m;ul(, +t nmch re(m, <'.mq)h,tt, tttttl]vsi,,-; ()[ this prt>l>h,m thal:t will he

a ttenq)tt,_l herr,. Fl't)lll the rtmclusions tht,v have rearh/,(I it +l])])ottrs thnt (,VOll with pt,rfe(.t
tnixin_ l.aximum power sh<mhl l>e eXpel'it'll +'+'ill, a rt)ixtur(, rit'ht,r, und minhtltml Sl)e('ilir fuel

c,<msumpthm with one h,anor, than the s.-rath,tI vht,mi<'al c_mtShfin_ ratio.

,l{oft)r(' [)ltssill_ It) tilt, <'tlrve:.; ntetlti.)II ltti_llt I)i, nlath, _d' it I)]itt,,<e (+f the rt, laiion I)t, twet,n

mixture rntio +rod I)_rwt'r tltttt ]t'l-s orlon t'+ttts(,_l c(m!'usi<m. .\s a bnsis l'-r discussi<m 11:4,'<1111+i".

tilt, l)t'()(ltt<'ts -f ('(,whuslit,tt ,,i' tl rich mixture It) b(, ('arbotl- .li.xhh,. ('tu'l)tm m_moxhh+, at+t] watt, r.

Tahh+ II '+ shows f()t' tylfi('al hv_lr<_carh(m ftt('] the p(,r('entttg(+ _)I' avMlubh, (,net'gy pt,r l)<)utM ill

fuel f()r mixtur(,s of ,<cvl, rnl <It,Kl't,es ()[' t'h'}mt'ss. It is appuront that the energy avtlilnl)le tlwo-

r(,ti<'allv l)cr l)<mn({ td' fu(,l must _h,(.rt,+is<, when tht, n)ixtut'(, is i_)_t,.I(, richer t]lall that th(,oreti-

c+dlv giving c<mtph, to c_mlhusli(m. Tilt, Im('r+zy +ivMhthh' (h,})t.t.ls 111ran the anlount of air

pi't'+'-;('tll Its '+'+-i,11ItS tlI)<)ll I}W :Itl+<)ttll-t, or I'u(,l. Suiu)lyhlg t,xrt,s._ fut'l, sin('e it d )es not illCl'(,aso

the anloultl ()l' air, (]_t'x ilot iIll'i'ot/so tilt' totnl ttll!(_Ullt _+f' ('[l('l'_.V tlvaihtbh' tlll(] ]lPIl('o l-oust dc-

(','+_+t,,r'the en(,rg.v _tv+tihd+h, l)cr i.mntl of fuel. It will }., <,l)._(,rvetl that w]lon t}w fuel ('-nterlt

of lht' ('h:lrgt' is 51) f)t,r <'t,nt in (,x('t,ss of th(, th(,()r(,ti<'M ('(mlt)ining l'nii(_ th(,r(, is a [h"('reast, of

nt,arl,, + 50 per ('i,nt itl- the a',ailuldt, tmer_y. .\t first ghm('e this a])pt,rtrs in marked c.ntrast

with the rontl)nratively ,.retail (l('('roase hi (,ngin(, i)_,wor thut i'cstt]ts t'i'()lll using _ mixture of

this tlegree of ri('lmess.

I tll'lh_,r [)_l+la _)',1 _ht' El_e('tivr Volatility iJt' M'olt_r Fuels, hv lloht. E. V¢il<_m and l)a:lit,I P. B_lr_lard, _th. .lournal id _,(_+i+.,ty of Auton]otive

EM,¢irl!,vrs+ M_Iy(.II. 1_) _{ 'rh r, :t,llllt] v:tlll_,._ 1hrrt, _ivt,_/ Ila%t. ht.t,ii qllt'_.li¢lllod })v ?-t_lllO \vFiI_ I'< , "2t't' pa!vr t_rc<('lll0d by ( I'll-:(, tt_ N(';', [[a+,(II

rIl_'( lill_ I)f .". Ill rit.all {'h,,illil,0.1 _:)( [c!_. i!l .\, ril. lit. ']. _ Tho (]i.qtJ2ro(,Iltvlil _1< lo_tl+llLt] ,,:till(,'< (]_,:. !]tM 'xl_'ll(l 11_ +t]11' ('ll Hill+ ill {'+)]tfl('!lF_itif_t! _( 1II] tl;+.

ttlrcs with (+ll!Lit_£(, ill tlr('ss_]l(+ W[livh i +, Ill+' p!l[rl2 _;f iltl: rp_l Jl] lhi_ di_ II_.-it Ii.

, Tit/, ('+hara?t'_r it+ Vari:) r_ I+',1 'l'_ f ,r h_l r.:d (hi tl'.rl-;ti'ltl E:l_itl':, by ll, T. Ti:ard al_d I). I+.. Py:', Th' .+xtlt mill)bill' Ellgille(T, l:ehruary,

March, Aprili, 1921.

'_ Takt!ll froln Th_ Ec:),lOlllit'a.l I.+Lili_ation of 1Aquid l"tlC], I)y C. A. Nortll0+ll. }lll]|(?till Nt). 19 ot' the (!ll_illt't'l'illg t!xt)(,rillwnt statiOll of'the

Ohio State University.
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T,\I_I,E II.

! i r'
Pollnd ftwl per p_>uud air. ....... 0. ]t.I <1.[191 0.0_3 O, 077 il, +lTI t1.1_67
Pouud: air p;'r p!)lllld I'llt'l ........ 1{I 11 12 i 13 I I 15

[''r''lHa_? of _,,\':_ilatdt' eilprgy p:,r i _;2
;l!_u nd fm'l ........................ ">3 ti3 73 !il 100

The reas,,n is ihut in the usual nfixlurc ratio run the change in ricti]iess is effected by chang-

in K the fuel ciHl|ellt <if thp I']ltll'_(h Ih, nec th.c Chiln_e ill power <h, liemls not only upon the

avaihfl,leenerKy per p, mml (>['fm,1 but als(, up<m the lmumlsof fuelavailabh,. Taking an illus-

tration fl'om Tnhh, I1, when the t)(,uml fuel per I)mtmt air is 0.100. the fucl content of the chargc

O.I0O
is

0.0667 as great as when tim ratio is 0.06_6. Aitlu,ugh the avaihd)h, energy per pouml of

fucl is only ,')3 per c(,nt <,f that avaihd>lc with the 0.0667 mixture, lh(, ('<wrespon<ling (,ncrgy

0. 100
per unit weight td' charge is 0.0667 53 ,)t" SO per cent. While Table 11 _ziv(,s a s'ltisfnctory pic-

turc fr,)m tit(, stnn(ll,(>itH ,d" Sliceilic fu(,l (+,>nstm)l)tion+ Tah](, I 11 is nlol'(, slittisfa(,t()ry fr(,nt l he

stan,lpoint of power.
TABI,E IIl.

• i

]Jfltllid fU('I Ii'r pf,lild air ........... 41. I1)0 I 4).(E!I It, O_,:_ 0.077 0.071 0.067

}'Ollli(Isair p'r lirllllM fuel ..... i0 I1 12 13 It 15
Pi,f,l,lll_l_t, i>f :l.vtlihtlll+' (,tll,I'_)" ll,i I ;

pr)lltld all ................... ¢,11 ',6 91 95 ' 97 I[)tl
]

Figures 1(), 11, 12, 13, 1-t, liiilt 1D sll,_w siiecifi(' fuel c,lnsuli!pli()ns at Vilt'i<ills l)erceniliges

of ntilxitilltlll indieate,I ]IOI'SCitOW('I'. With the ('x('('liti()li <)f ilti'('l' (l<)ite(l cnrves hi Figure 15,

the results iII'C all base,I oti tests llliili(' tit l iie I{til'('itil ill' Standartls. Aviation engines (if various

tylies wt,rc used in ol)tiiining the _rciltt'r ll()rlion (>t' tilese data but f, lur itn<l six cylin<h,r inotor-

cap Oligines and shigle-eylindcr experhnental enTines were employe<l t,) +onto extent.

(_onsi<hq'int_ the entire gi'oup of ctlrve_ i}ie niost strildn+ feature is t]lc snutll difi'crence

ltetween the lt/initilllttl spe(dfic fucl c(>nsuntpt bin ,tmt tJlc specific fuel ('(/tlSlttlll)I ion obtliine(t witJi

It ntixtur(' inlp()verishcd until t}w p()wer is 95 per ('(,hi of its nl'_ximum v, lilt,, l:re(luentl.v the

actual ntininiutn v,;luc is not re Ictw(I until lJw power ]i'LlS liet'n reduced i,_ s.-) per cent of its

nlaxitllllill vlilue. In Stl('.ll cases. JlowPvel', lilt' [{ifI'[,ren(.(, ll,,lw(,en the spe('iIi,, fuel eonstlllll)-

lions lit S,5 per cent iiIll] 95 per ecllI (if Ill:tXillillJli I)(Iw(q' is ('lilill)t r,itively Sill il wJlile tilt' dif-

ference lielween the specific fitel cllnsuntption fit 95 per (',,tit and tit nlRxinIIliil l)()wer is hrge.

Ilence v(,ry nearly lllininllltll specific fuel (..onsumpti()n llli!V ill, obtained by (let'r(, lsing /]'to fuel
conteilt of tit(, chqrge until the power devehipcd is 95 I)cr (','ill of its m:.ximunl villile. After

inlp()verishing the tnixture it) this extent, the nlargiil ill" SI'i'lv against firing hack into the

(;art)ureter is still llnlplc provilled tile cngirte posse.sses a rc,.ts(iii_tlil.v g(tod distril)ttti<,n system.
Frotll the above inforin_ttion it is evident that till engine dcsign(,,I for operation wii}l a niini-

InUtii,spcei[ic fuel consunlption Inixtllrc should have a piston ttispl_wenient about 5 per cent

gre:ltcr than one designed to be oper.:tc:t with a nmximum power mixture. It should not be

infi,rrc_l ttmt there is some peculilr virtue inherent in the 95 per cent vulu(, that makes il vustly

superior t(> 9t pet" cent or 93 per cent. In most e:,lses the latter values give slightly lower

spel.ilic fuel consumptions but at. the cost of an apprcci_tt)le reduction in ihe margin of sltfety

ag,iinst firing in the intake pipe. All things considered the 95 per cent w_lue appears t() tie a

slitisfactory compromise.

Since, in Figures 10 to 15, the aetufil values of specific fuel consumption are separnte(I so

widely, it at. first seems surprising that the 95 per cent value should be so near the minimum in
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every case. T() some extent the mystery disappears when one appreciah,s the difference l)e-

tween the effe(qive mixture in tit(`, cvlin_lcr and the r, tio of fuel to air leaving the ('arburcter.
The cffeclive ,nixture ratio in the cylinder is thut mixture which determines how nlu('h heat is

liber_Hed I)y (:(mlt)usti(m. (hmerally speaking, when the resulting in('re_se in temper_turc is a

maximum, the I).wer is a maxinmm; when the increase m temperature per pound of fuel is a
maximum the Sl)('('ili(' fuel ,',)nsumpti.n is a minimum. ()hvioudy, there is a fairly (letinite

relali()n helween the effective mixture rail() for maximtnn flower and that for Ininimum spe(.ilic
fuel (,onsumi>li(m an,l ]wm'e a d(,linite n'lnli(m between the powers deveh>ped in the two cases.

Actual v_hws <ff p()w(,r nn(t sl)e, ifi(' fu(,l ('onsumpti<m qre govcrne([ by the relation of the a<'tual

I. the effective ralh, and by the ('vHi(' elti('ieney which determine how much of the heat liheratcd
1)y ('_)mt)uslion is c(mv(,rte(t into work. llence such

values nr('likely t(, v_:rv hctxx,,cn x_i_te limits. Such

vari:;li(ms _1o nol c!islm'b tile reh:ti(m between the

effective n:ixlure _n(l lh(' am()unt of he t liberated

by comhusti(m. (',m.,equently llwy d() not disturt)

the reh:ti(,n betx_e(,n m,×imum p(,wcr an[t the power

giving nlinimum Sl;(,(.ili(' fuel ('(msumpli(m.
Thus Dr, the curw,s f,,r the m,_sl Furl have shown

resll]ls ]):as(,([ on indicat(,_l rather lh n _,n t)r,,ke horse-

power. (h,ner_l rel::li(ms have been s(mghl _n(l not

vnlues which w()uhl ('}mngc v¢il)l any (']l_,nge of nle-
ch,micrl ctticien,'v, l'ltimately, J.,wever, ntini,num

specitic fuel ('onsumFt i()n on ,, brake horsepower t)_ sis
is desire(I. Fig. 16 h:/s been ])l(_tle([ to show Ill('

effect of the m('eh:rlical ('flb'icn('y ut)(m the poumls ()t'
fuel per brake ]l()l'sel)il_V('|" .1l()(11'[l|l(] l()aid in conv(,rt-

ing rcsult-s from an imlic:_t(,(I t, a brukc !mrsep(,wer

t)asis. When a change in p()wer is elf(,('le(I by a chunge
in fuel-air ratio the mechanic:_l efli('iencv changes

solely because of the change in in(li('atcd power,
the fliction remaining substantially c(,nstant. M(,-

I.HP- F.HP
ct!anical efficiency= I.HP The lower gr(mp

of curves in Figure 16 was obtained by a metho, l
described in Appendix 1. From these curves, lhe me-

/.2 ___ i

J.o 11

t0.8 - --
"e

a6- 8a/Oo --
0.4

80 .90 IO0
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moxlmum LHR
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80 90 I00
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moximum _NR

Ell'eet of changes ill lIl(q'h_llli(':ll efficiency upon the percenl-

gig(; of lnaxJln[llll IIOWI,/" _1[ _ hJ(ql the roinilYiillIl sp0cifie

fuel consumption is obtain,d.

chanical elticieney at any per cent of maximum power can be determined if the elli(,iency at maxi-

mum power is known. This permits converting results fl'om pounds of fuel per brake horsepower

pound fuel per I.tlP hour
hour to pounds of fuel per indicated horsepower hour since S-lecl_c|[i(.iency =pouna
fuel per B.HP hour.

'l'h[, upper left-hand portion ()f Figure 16 gives values ()f p,,umls ()f fuel per brake horsepower
hour corresl).n(ling to mechanical efticiencies of 60, 70, 80 90, ._nd lUO per cent at maximum

power. At the right the same values are plotted but in. the latter case versus per ('cnt maxi-
mum brake horscl)()w(,r instead of versus per cent maximum indicate(I horsepower. Per cent

B.HP corresponding t(, any per cent I.HP can be determined from the lmver curves of Figure 16

• by multiplying per cent 1.lip by the ratio between the mechanical eltivi(,ncy at that per cent

I.HP and the meeJumi('al elli(:iency at maximum power. Figure 16 shows nearly minimum
_pecific fuel consumpli_)n (,n a B.ItP basis also to be obtained _oth at 95 per cent,of maximum

I.HP and at 95 per cent B.[IP. The general applicability 0fthis 95 I)(,r ('ent value can he

explained by the fact that there is so little difference between the mechani(ml ef_ciencics at

maxhnum an<l at 95 per cent of maximum power. From the foregoing it is concluded that

very nearly minimum specific fuel c(msU,nl)tion (per B.HP hour or per I.HI ) h¢mr) is obtained
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when tile fuel-air ratio is decrease(I until the power IB.IIP ()r 1.1tP) is 95 per cem of its
lluixiluum value.

('url)ureter engineers may desire (() knmv, h)r certain of the curves shown in Figures 10

to l(i. the relation between the clmn_e in fuel content of the <']mr_e and (he specilic fuel con-

sumption. This information can I>e determined readily as will I>e evidcn( fr.m the foil.win/

analysis:

,l = pound fuel per hour at a per <.,,n( of m_ximum power.

B=pound fuel per horn' at b per cent of maximum prover.

,_' _ hOl'Sepc)_)V('l' IIA[ lll1_Xill]lllll p()WOl'.

¢1 ]_'

101)==h°rsep°wer n! a per cent of nmxinHlm power.

bk =horsepower at h per emit of mnXilnum Imwer.
10o

f'=pound fuel per I.IIP horn' at a per cenl of maximum prover.

I) :pound fuel per I.I[P h()m' ai b per cent ()f maximum l><)wer.

ak I()0.l
('-- A-

I0() a],'

[],, 1ooB
D = H+

I00 b/,'

.l (I()0A I()0H _(.'_:,(o_"H= al,' _- hk ]'_ h ] _ h ]l/

This IIDl.y bP stated in w()r(ls as f<)lh)ws. The ratio (>f the fuel c(mten( ()f the charge a( a

given p(,rcent_ge of m_ximum p()wer t(> the fuel ('(m((mt ()f Ihe char_(, at s()me olher p(,)'('etHa_(,

of maximum power is equal t<) Ihe rail() ()f |he pr()(htcts of sl)e('ili(" fuel ('()l)stmlpli()n and per

('tin( power I'())" the two cmMili()ns. In g(,))e)'nl 95 p(,)' cent ()f maximum h(,rs,-power is ()l)lai))ed
when the fuel con(ent ()f th(, ('h'u'ge is hc(w<,en S() and S5 i)(,r cent ()f tim( which /ires maximmn

pl)WPI'.

l/o,' does ./i,r,lt?l d/.,,'!r/h,li,n <(_}.<'1t>ow_r and .,,,pie(lie /l,l_l c_)w,.i,,;.'t_l>lh)l_? Note that the

(luesthm does not refer 1() Ill(., ('_IIIS(' ()f faulty disiril)uii()n but t,) the ('[fe<'(. In the dis('ussi()n
which follows, distributi()n is ('(mshh,red fauliv when all ('vlinders (l() not ret'eive (h(, same

<ImdiLv of mixture. O(.casi()naIIy one (.vlinder re<luires a mix(uve ,)f a quali)y different from
that ()[' an()lher cylinder, hut such a re<luiremenl usually 'testilh, s It) po()r engine condition or

(h,sign. A((en(i()n ah'eadv has |)een dir(,c(ed (() the differen<'e between the effective fuel-_dr

ratio in the (.ylindev and the rati<) ()f fuel t() 'dr )hat leav(,s the cnrbureter. The la)ter ratio
will be the one terme(l, mix(m'e ra(io (hrough<)u( the ensuing discussion. Figur(,s 17. IS, and

19, illus(rate faully distributi<m. The h)wer curve ()f Figure 17 is ph)tted from experimental

(lata ()b)ained with a ,-;ingh,-('ylinder engine. I( rcpresenls what <'ouhl be obtained from an

engine having 6 similar ('vlin(h, rs e)wh ()f which re('eived (he same ([mmtitv and (lunlity ()f

charge. The remaining curves sh()w the result when I, '2, ?;, 4. ()r 5 of the six <'vlin(lers re('eive

a fuel-air mixture whose fuel c(>nten) is 2() l)er <'ent h,ss than thai (>f the remainder.

All cah'uhtti(ms arc based (>n th( e.ssumption (hat e'u'h ('ylinder when supplied with a

certain fuel-air rath) ([eveh)ps the I.M.E.P.: shown l)y the h)wer curve (>f Figure 17 to have

been deveh)pcd l)y the singte-cylinder engine. In performance les(s measurements are m_tde

of the total weights of fuel and air re<'eive([ by (he engine and <>["the total p()w(,r (h, veh)ped l)y,

it. Results such as wouhl be ol)taine(l fr()m -m('h measurements unde," the c()n(liti()ns spe<'ified
are shown by the various ('urves. To illustrate h()w the curves are de,'ive(l, consi(h,r the case

when 3 of the cylinders arc 20 l)er cent lean. These will receive a mixture of ftwl and air in

7 1.._[. E. l'.=iudicat.(,d m:.,it_ ei_eulive [:le_urt'.
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the r_ttio 0.,_(0.(),_) when the other 3 eylhM(,rs re('eivc an 0.(),_ mixture. The _q)par(,n{ mix-

3tO.s) ((LOS) +3(0.0,_)
ture r_tio will be 6 whirh equals 0.07:2. For a fuel-air r, tio of O.,_(().ON) :

0.064, the lower ('urv(, of Figure 17 gives 'm I.M.I,].I'. vMue of (ig.,_ _mql f(,r a ratio of 0.08 the

wdue is 7:L4. lhmce the apparent I.M.E.I'. will be 3(73.4)+3(ii_._1
6 =71.1.

The l(,wt,st m_txitnum !.),1.1'].I'. for tim group of ('tn've._ shown in Figure 17 is 73.2 while

the highest, (d)tain(,(l with p(,rf'e('t (listrit)uti(m, is 73.S. In Figur(, I_ are similarly obtain<,(t

curves (d' spe('ifi_' fuel ('._msumpti(m. The high(,st minimum spe('ili(, fu(,1 (:()nsumption is 0.458

while the lowest, with I)erf(,(q (listribuli(m is ().132. Figure 19 is _u r(,('al)itulation of tim data
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l)resent(,d in the two previous figures. In this one instanre t)()int_ imlicate values I'r.m faired

curves in._l_,_M .r _,xpcrimental data. This has been done in pr(,f(,n,u(.(, l_) drawing ('urv(,s which
would overlap s_)m(wh _ts t() make it extremely difficult to (list inguish (me from th(, other. A

change in (listrit)uti(m u)d(,ss greater than 20 per cent might apf)(mr (() I)e of no great moment

since it r(,._ul(s in n() gr(,,( .4umge in either maximum power or minimum specific fuel con-

sumption. If the mixlur(, v(mht be and were adjust,(,([ closely for (m(.h rh_mge of conditi(m the

above conclusion w(mhl b(, vMi(I. In servi(.e the tendency is to a(tju._( lh(, mixture so (h,t the

engine will fun('ti.n r(,guhn'ly over as wide a range of eon(litions as pos,_il)le in ()rder to redu('e

the frequency with whi(.h a(Ijustments must be made. An architect plans a (h)orway st) (ha(

it will be of adequate size 5." (h(, tallest and fattest lik(,ly t() pass through. ] n much the sam(,

fashion an engine operator is lik(,Iv (o adjust the mixture to be amply rich for any condition

likely to arise.
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Elfecl of changes in distribution of (;-cylindq,r engine.

In such a case the mixture ratio ad.iustment wmfld depend upon /lie leanest cylinder, in
other words it wouht be such that this cylinder would operate satisfactorily under extreme

conditions. With perfect distribution such an adjustment might result in a ( ondderable waste
of fuel because it wouhl be likely to pr()vide a fuel-air ratio tither than necessary during the

major portion of the ()perating time. A similar n(ljustment when one of (_ ('ylinders is 20 per
cent lean wouhl cause the remaining 5 cylinders to be i)roportionutely richer than necessary

throughout, the entire range. In such a ease the sl)eeific fm,l e(msumption might be 20 l)er cent

greater than that with perfect distrit)uti(m.

CONCLUSIONS.

General conclusions are as follows:

(1) When using gasoline as a fuel, maximum power usually is ohtained with fuel-air mix-

tures of between 0.07 and 0.08 pounds of fuel per pound ,)f air.

(2) Maximum t)ower is obtained with approximately the same fuel-air ratio over the range

of air pressures and t eml)eratures ordinarily encountered in tli_hl.

(3) Nearly minimum specific fuel eonsuml)ti(m results f)'()m decreasing th(, fuel content

of the charge until the power is 95 pet' cent of its maximum value.
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APPENDIX.

The curves in the h>wer part of Figure 16 were cah'ulated fro' a change in mechanical effi-

ciency resulting fr,,m a change in engine power unaccompanied by a change in frieti,n. Es-

sentially lhis <:omlitiml exists when the fuel-air ratio is (,hanged and the load on the engine is
adjusted s,) as i. maintain a constant speed.

[:et

Ill =

(l--

b

(!--

37

{hell

inaxiinunl l.lll'

B.IlI) when .1 = l.IIl'

F.III' when A = I.HP

mechanical eftieiency when A = I.IIP

[.lip such that A=r

B.IlP when ¢1 - I.tfP

F.Itt' when .= 1.ItP

eneehani<ml efficiency when a, = I. I I 1'

t_ ¢1 -- c c
.r= = - I

It (I (l

C= (.' tly lisSlllllpliOll

('
X=[--

(t

(t = ._11+

6'
X=I--

(/= A - B

B = A/.

U= A - .,l/_ = A(1 - m)

x=l A(l-m)=l-(1-m)
:_1' r

Values given in Figure 16 have been calculated from this relation.

To obtain the group of curves in the ut)per right-hand corner of Figure l(i it was necessary

to determine pereenlaves (>f B.HP corresponding to known percentages of I.llP. The following

analysis sh.ws h()w this can be accomplished. Let subscript a represent the maximum power
condition and subscript _, the condition for which the per cent B.HP is to t)e determined.

Then

B.IIP;, = (mech. eflie.,,) (I.HP_)

B.tlP, _ Iinl,ch. ettie.u) (I.HPL,)

B.IIP,, I.llPu(mech. eItic.,)

B.Ilt',, l.llP, (mech. eftic.a)

1.111', the mechanical efficiency can be determined from the h)wer g'roupFor nny vMue of I.lll',

B.lll>l_
of curves in Figure 16. ILIll', ('an then be determined from lhe nb(_ve equation. The follow-

ing table shows percentages .f maximum brake horsepower cot'resl)(m(]in_ to various percent-

ages of maximum indiciite(I h()rsepower for conditions whet'(, the nle('llani('nl e_eiency is 90
per cent, SO per cent, 70 pc/' cent, and 60 per cent.
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A

Positive directions of axes and angles (forces and moments) are shown by arrows.

Axis.

Designation. SbYo_."

Longitudinal .... X

Lateral ......... _"Normal .........

Force
(parallel
to axis)
symbol.

Z

Moment about axis.

Designa-
tion.

rolling .....
pitching...
yawing .....

I

I Positive

I tion.
I

Y----*Z
Z-----,X

N ' X-------_Y

I

Ang,e__ ] Vel___ iti __i
] Linear

Designa-Sym-I (comuo- A --
tion. bol.Inenta_ong ngular.

[ I
roll ..... I _ u p
pitch .... { 0 v q
yaw ..... ,I, w r

Absolute coefficients of moment

Co=q s

Diameter, D

Pitch (a) Aerodynamic pitch, p,

(b) Effective pitch, p_

(c) Mean geometric pitch, pf

(d) Virtual pitch, io_
(e) Standard pitch, p.

Pitch ratio, p/D

Inflow velocity, V'

Slipstream velocity, V,

1 tP = 76.04 kg. m/see. = 550 lb. ft/sec.

1 kg. m/sec. =0.01315 I-P
1 mi/hr. = 0.44704 m/see.

1 m/see. = 2.23693 mi/hr.

Angle of set of control surface (relative to

neutral position), _. (Indicate surface by

proper subscript.)

4. PROPELLER SYMBOLS.

Thrust, T

Torque, Q
Power, P

(If "coefficients" are introduced all units

used must be consistent.)

Efficiency _7= T V/P

Revolutions per see., n; per min., N

Y

Effective helix angle • = tan-' (_2_)

5. NUMERICAL RELATIONS,

1 lb. =0.45359 kg.

1 kg. =2.20462 lb.
1 mi. = 1609.35 m. = 5280 ft.
1 m. =3.28083 ft.




